This study outlines how results from a glutathione reactivity assay (so-called in chemico data) can be used to define the applicability domain for the nucleophilic aromatic substitution (S N Ar) reaction for nitrogen-containing aromatic compounds. S N Ar is one of the six mechanistic domains that have been shown to be important in toxicological endpoints in which the ability to bind covalently to a protein is a key molecular initiating event. This study has analysed experimental data (2 h RC 50 values), allowing a clear and interpretable structure-activity relationship to be developed for pyridines and pyrimidines which reside within the S N Ar domain. The in-ring nitrogen(s) act as activating groups in the S N Ar reaction. The position(s) of the in-ring nitrogen(s) as well as other activating groups, especially in relationship to the leaving group, affect reactive potency. The experimentally defined applicability domain has resulted in a series of structural alerts. These results build on early work on the benzene derivatives residing in the S N Ar domain. The definition of the applicability domain for the S N Ar reaction and the resulting structural alerts are likely to be beneficial in the development of computational tools for category formation and read-across in hazard identification, and the development of adverse outcome pathways.
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Introduction
Chemical legislation, such as REACH (Registration, Evaluation, Authorisation and restriction of CHemicals) and the cosmetics directive promote the use of alternative methods to reduce the reliance on in vivo animal testing to provide toxicological information [1, 2] . Consequently, integrated approaches to testing and assessment have been described as a way to logically combine, and thus make efficient use of, in chemico and in vitro data related mechanistically to a particular in vivo hazard [3] . One aspect of using alternative methods in integrated approaches to replacing animal testing is to use chemical category formation to fill data gaps for chemicals where in vivo toxicological data are missing. These category approaches are based on the hypothesis that "similar chemicals will have similar toxicological profiles" [5] [6] [7] [8] , and have been suggested to perform best when similarity is based on chemical and biological similarity [4] [5] [6] [7] [8] . It is therefore important that the key chemical and biological events that can be measured and or predicted are investigated. Recent efforts have *Corresponding author. Email: s.j.enoch@ljmu.ac.uk £ concluded that these key events should be organized into so-called adverse outcome pathways [9] .
Computational approaches to the formation of chemical categories such as the OECD QSAR Toolbox currently focus on grouping chemicals using the molecular initiating event (the first event in the biological pathway) as the measure of similarity [10] . This approach has been shown to be successful, especially for hazard identification for which a toxic not toxic answer is often sufficient [11, 12] . One of the key steps in this approach is defining the applicability domain of the molecular initiating event. The ability of a chemical to form a covalent bond with a protein has been shown to be important for a number of toxicological endpoints such as skin sensitization, respiratory sensitization, excess aquatic toxicity and hepatotoxicity [13] . It has been shown that the chemistry associated with covalent binding to biological macromolecules can be defined in terms of six mechanistic reaction domains, namely: acylation, Michael addition, Schiff base formation, unimolecular aliphatic nucleophilic substitution, bimolecular aliphatic nucleophilic substitution and aromatic nucleophilic substitution [13] [14] [15] .
Aromatic nucleophilic substitution (S N Ar) involves a nucleophile attacking an aromatic ring system such as benzene that has been activated by the presence of one or more electronwithdrawing groups [13] [14] [15] [16] . In addition, nitrogen-containing ring systems such as pyridine and pyrimidine are also capable of undergoing a S N Ar reaction, especially if the ring-bound nitrogen is in the 2-or the 4-position relative to a suitable leaving group [17] . In all cases the S N Ar reaction leads to the expulsion of an electronegative leaving group, typically a halogen, resulting in the formation of a new covalent bond between the nucleophile and the chemical being evaluated (Figure 1 ). The rate of the S N Ar reaction is dependent on the ability of the electron-withdrawing activating groups to stabilize the intermediate anion after attack of the nucleophile, and on the ability of the leaving groups to stabilize the anionic intermediate [17] . Quantifying the effects of different activating groups and different leaving groups through in chemico reactivity testing provides a means of prioritizing chemicals for further testing, allowing the chemical space of the S N Ar reaction to be covered with a minimal number of tests.
Previous work has shown that information derived from an analysis of experimental in chemico data could be used to define the applicability domain for the S N Ar reaction for substituted benzenes [18] . This former study developed 20 structural alerts that defined the structural boundary of the S N Ar reaction for commercially available substituted benzene derivatives. These structural alerts were encoded as computational fragments and are intended for use category formation and hazard identification. However, no experimental data or structural alerts were outlined for pyridine or pyrimidine derivatives capable of undergoing a S N Ar reaction. The aim of the present study, therefore, was to use in chemico data to experimentally define the applicability domain for the S N Ar reaction for commercially available pyridine and pyrimidine derivatives. In addition, information from these in chemico data was used to describe the applicability domain for the S N Ar reactivity of pyridine and pyrimidine derivatives using 2D structural alerts.
Methods

Test chemicals
The chemicals examined in this investigation were substituted pyridines and pyrimidines, in particular those containing halogens and electron-withdrawing substituents. The selection of the test compounds was based on commercial availability, with the intention to cover the chemical space of pyridine and pyrimidine derivatives' likely reaction via the S N Ar mechanism [15, 17] . In order to better define the boundaries of the S N Ar mechanistic domain, structurally related but unreactive compounds were also assessed. All test substances were purchased from commercial sources (SigmaAldrich.com or Alfa.com) in the highest purity available (95% minimum) and were not further purified prior to testing.
Measurement of reactivity
Reactivity with the thiol group of glutathione (GSH) was measured in a simple and rapid, spectrophotometric-based assay with the free thiol quantified by its reaction with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) with the absorption of the product measured at 412 nm. Briefly, experiments were performed by (a) freshly preparing GSH at 1.375 mM by dissolving 0.042 g of reduced GSH into 100 ml of phosphate buffer at pH 7.4, (b) freshly preparing stock solutions of each tested compound by dissolving the test chemical in dimethyl sulfoxide (DMSO) to which phosphate buffer was subsequently added, and (c) combining the correct amounts of GSH solution, stock solution, and buffer to bring the final concentration of thiol to 0.1375 mM, in a manner so the concentration of DMSO in the final solution was always <10%.
Following range-finding experiments, ultimate experiments were performed with concentrations adjusted to 90, 80, 60, 40, 20 and 10% of the stock solution. Associated with each assay was a control containing GSH and a blank without GSH. The RC 50 values (the concentration giving 50% reaction in a fixed time of 2 h) were determined from nominal chemical concentrations (dependent variable) and absorbance normalized to the control (independent variable) using Probit Analysis of the Statistical Analysis System software (SAS Institute, Cary, NC). Chemicals with a RC 50 value of >135 mM were considered non-reactive as a contaminant at the level of 1% could be the cause of such reactivity. Similarly, RC 50 values of >70 mM were treated as 'suspect', as a contaminant at the 2% level could be the cause of such reactivity.
Additional reactivity testing was performed on selected pyridine and pyrimidines that were not reactive in the buffer-based method. In these cases, the reactivity assessment was performed in a medium of 50% methanol and 50% buffer, with all other parameters being the same as described above. This modification increased the solubility of test substances without altering inherent reactivity (where appropriate these data are denoted in the RC 50 (MeOH) column in the Tables). The comparability between reactivity measurements made in aqueous solution and methanol has been demonstrated previously [18] .
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Results and discussion
The aim of this study was to use glutathione reactivity data to define the applicability domain of the nucleophilic aromatic substitution (S N Ar) reaction for substituted pyridine and pyrimidine derivatives. This study details a structure-activity relationship analysis of experimental data from which a series of structural alerts for the S N Ar domain have been developed for these compounds. These structural alerts represent a continuation of previous work that defined the applicability domain for the S N Ar reaction for substituted benzene derivatives [18] .
Pyridine derivatives
In total, 21 commercially available pyridine derivatives were investigated for reactivity toward glutathione ( Figure 2 and Table 1 ). The results show that nine chemicals exhibited reactivity and 10 chemicals were not reactive in the assay. Due to colormetric interference with the reaction with DTNB, the reactivity of two additional chemicals could not be quantified (chemicals 7 and 16 in Table 1 ). It is impossible to state the reactivity of these two chemicals. Inspection of the reactivity data for the remaining chemicals show that within the data set reactivity requires a leaving group activated by at least a single nitro group. The presence of the nitro group activates the pyridine ring, making it more reactive than the mono-halogenated pyridines (compare chemicals 3, 4, and 5 with chemicals 13, 14 and 15). Mono-halogenated chemicals containing either an aldehyde or cyano group were not reactive to glutathione (chemicals 18 and 19) . This can be rationalized in terms of weaker electron-withdrawing nature of these functional groups compared with the nitro group. The ability of the activating group (shown as Y in Figure 1 ) to stabilize the transition state is one of the key factors in determining S N Ar reactivity. The ability of nitro substituents to stabilize the transition state resulting in increased reactivity is highlighted by the 10-fold increase in reactivity observed when a second nitro group is added to the pyridine ring (compare chemicals 20 and 21). Finally, reactivity towards glutathione was also observed for chemicals with at least a single chlorine leaving group activated by three or more fluorine groups (compare chemicals 8 and 9 with chemicals 10, 11 and 12). This suggest that the combination of the electronwithdrawing effect of at least three fluorine groups is required to stabilize the transition state in the S N Ar reaction with glutathione. An analysis of the results allowed three structural alerts to be developed that define the applicability domain for S N Ar reaction for pyridine derivatives. These structural alerts are shown in Figure 3 . 
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Pyrimidine derivatives
In addition to the pyridines tested, 12 commercially available pyrimidine derivatives were also investigated for their reactivity towards glutathione. The experimental reactivity data showed the pyrimidine derivatives to be more reactive than the equivalently substituted pyridines. This is highlighted by the reactivity observed for pyrimidines substituted by only two halogens (compare the reactivity of chemicals 4-8 in Table 2 with the lack of reactivity for chemicals 8 and 9 in Table 1 ). This can be rationalized by the presence of the second activating nitrogen atom in the aromatic ring system. The results for these chemicals are as shown in Figure 4 and Table 2 . An analysis of the results allowed a single structural alert to be developed that defines the applicability domain for S N Ar reaction for pyrimidine derivatives. This structural alert is shown in Figure 5 . Table 1 .
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Structural alerts and chemical category formation
The above analysis has detailed four structural alerts that define the applicability domain for the S N Ar reaction using a data set of commercially available substituted pyridine and pyrimidine derivatives. This work builds on the previously published study that outlined the applicability domain for a series of substituted benzene compounds acting via the same mechanism [18] . The importance of verifying the applicability domain of structural alerts intended for to be used to group chemicals into categories has been previously discussed for the Michael acceptor mechanism [20] . Category formation tools such as the OECD QSAR Toolbox make use of in silico profilers that can be used to group chemicals into categories [5, 6] .
The aim of such tools is to facilitate the filling of data gaps for chemicals within these categories using read-across. Currently, these in silico profilers are developed using knowledge of the chemistry associated with the molecular initiating event. Recent developments have outlined a wide range of potential chemistry associated with covalent protein binding [13] . Clearly, the data presented in the current (and previous studies) are complementary to these efforts and help to add confidence to chemistry contained within these in silico profilers. However, it is important to realize that the current data set relates to commercially available pyridines and pyrimidines only (Tables 1 and 2) , and additional in chemico testing would be required for chemicals with differing substituents and / or substitution patterns than those detailed.
Conclusions
This study has shown how in chemico reactivity data can be used to define the applicability domain for a series of commercially available substituted pyridine and pyrimidine derivatives acting via the S N Ar mechanism. This work has resulted in the definition of three structural alerts for pyridines and a single structural alert for pyrimidine derivatives. The importance of using experimental chemistry to add confidence to in silico profilers used in category formation tools such as the OECD QSAR Toolbox has also been outlined. The results of this work are consistent with the chemical applicability domains for non-animal-based prediction of toxicity and the development and use of adverse outcome pathways in toxicity assessment.
